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The distribution of total dissolved iron (DFe) and its chemical speciation were studied in
vertical profiles of the shallow and semi-closed Jiaozhou Bay (JZB, China) during two
contrasting periods: summer (July 19th, 2011) and spring (May 10th, 2012). Samples
collected from the surface, middle and bottom layers were analyzed by competitive
ligand exchange-adsorptive cathodic stripping voltammetry (CLE-aCSV). The mean
DFe concentration during the summer period (median 18.8 nM; average 20.7 nM) was
higher than in the spring period (median 12.4 nM; average 16.9 nM), whereas the
spatio-temporal variation in spring was larger than in summer. The DFe-values showed
distinct regional and seasonal differences, ranging from 5.6 to 107 nM in spring period
and 13.4 to 43.4 nM in summer period. In spring, the highest DFe-values were observed
in the eastern coastal region, especially near an industrial area (up to 107 nM), whereas
the DFe distribution in summer was relatively even. Due to a tide influence, the vertical
variations in the DFe and Lt in both seasons were not significant. On average, the Lt
concentration (one class of ligand was estimated in all samples), was higher in spring
(35.2 ± 23.4 nM) than in summer (31.1 ± 10.3 nM). A statistically significant correlation
was found between Lt and DFe concentrations, it was higher for the summer period than
for the spring period. The conditional stability constants (logK′) of organic complexes with
iron were weaker in spring (11.7 ± 0.3) than in summer (12.3 ± 0.3). The concentrations
of Lt were higher in comparison to DFe in all samples: the average [Lt]/[DFe] ratio in
the spring and summer samples was 2.4 and 1.5, respectively. Speciation calculations
showed that the DFe in the JZB existed predominantly (over 99.99%) in the form of strong
organic complexes in both seasons.
Keywords: dissolved iron, organic ligand, horizontal and vertical distribution, speciation, coastal water, the
Jiaozhou Bay (JZB)
INTRODUCTION
Iron (Fe) is an essential trace element in marine environments and plays an important role in
the biochemistry and physiology of phytoplankton (Martin and Fitzwater, 1988; Sunda et al.,
1991). The world’s surface HNLC (high nutrient low chlorophyll) oceans area has influenced
phytoplankton growth due to low concentration of iron (Coale, 2004). In the 1990’s, Martin
hypothesized that the low concentration of iron in oceans across the globe limited the absorption
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of CO2 from the atmosphere and subsequently had an important
influence on the global climate (Martin, 1990). After that, iron
fertilizing experiments were arranged in the HNLC area (Boyd
et al., 2007; Buesseler et al., 2008). The results indicated that in the
HNLC area, the addition of iron increased the growth of marine
phytoplankton and also influenced local CO2 absorption and
nutrient consumption (biogeochemical cycles of carbon, Boyd
et al., 2007).
It has been shown that not only low concentrations, but
also low bio-availability of dissolved iron may limit the growth
of marine organisms (Morel et al., 1991; Sunda et al., 1991;
Poorvin et al., 2004). Since ∼99.9% of the dissolved iron (DFe)
is complexed by strong organic ligands (Rue and Bruland,
1995; van den Berg, 1995), not all is equally bioavailable.
It is known that ligand-complexed iron is available and
taken up by organisms, for example eukaryotic phytoplankton
assimilating porhyrin-complexed iron and prokaryotes uptaking
siderophore-complexed iron (Hutchins et al., 1999). On the
other hand, Fe-binding organic ligands (Lt) buffer DFe
concentrations by preventing the formation of insoluble
oxy-hydroxides (Rue and Bruland, 1995; Wu and Luther,
1995; Kuma et al., 1996; Mawji et al., 2008), because
Fe-organic complexes have higher stability constants than
inorganic ones (Hudson and Morel, 1993; Nagai et al., 2007).
Therefore, the character of Lt plays an important role in the
biogeochemical cycles of iron in global open oceans (Buck et al.,
2007).
The concentrations of Lt vary widely in marine environment:
for open oceans, Lt concentration is low, e.g., 0.44 nM was
observed in Indian Sector of the Southern Ocean (Gerringa
et al., 2008), 17.6 nM was observed in the Atlantic Sector of the
Southern Ocean (Croot and Johansson, 2000), and range from
0.09 to 0.77 nM in Central N Pacific (Rue and Bruland, 1995). In
coastal waters, the Lt is higher than in the open ocean, whereas
the highest concentrations of Lt were observed in the estuary
areas and river plumes [e.g., 526 nM in the Scheldt Estuary; 4.3–
64.1 nM in the Mississippi River plume (Powell and Wilson-
Finelli, 2003; Gerringa et al., 2007)]. In the coastal area of the East
China Sea, the Lt ranged from 5.2 to 132 nM (Su et al., 2015).
The most accepted method for determination of
concentrations of Lt and the conditional stability constants
(logK′) of metal-organic ligands in marine samples is competitive
ligand exchange-adsorptive cathodic stripping voltammetry
(CLE-aCSV; Gledhill and van den Berg, 1994; van den Berg,
1995). It is based on titration of the samples with a metal of
interest in which competitive ligand is added. One to two ligand
classes were usually determined. The speciation analysis results
(concentration of accessible organic ligands, Lt, and conditional
stability constant, logK′) depend not only on the quality of the
experimental titration data, but also on the applied mathematical
treatment (Pižeta et al., 2015). In recent studies only one class of
ligands was estimated in Liverpool Bay (Abualhaija et al., 2015;
Sander et al., 2015) and the Otago Continental Shelf (Sander
et al., 2015). However, two classes of organic ligands were often
reported in seawater samples, a stronger ligand (L1; logK′1) and
weaker (L2) ligand (logK′2; Rue and Bruland, 1995; Cullen et al.,
2006; Buck et al., 2007). The values of logK′ were close to the
values obtained by model ligands with organic matter such as
siderophores produced by bacteria (Hider and Kong, 2010),
porphyrins derived from pigments (Witter et al., 2000), and
degradation products from marine and terrestrial organisms,
among other humic substances (HS; Laglera and van den Berg,
2009). While interpreting results from CLE-aCSV one should
further bear in mind that ligand—DFe coordination could be
different from 1:1 ratio, and that not all DFe in a given sample is
in an exchangeable form with respect to the added competitive
ligand, having as a consequence a possible overestimation of
Lt and higher logK′ (Cullen et al., 2006; Thuróczy et al., 2010;
Gledhill and Buck, 2012).
The coastal zone is influenced by iron input from river waters,
which may be transported a long distance (Powell and Wilson-
Finelli, 2003; Su et al., 2015). Rainwater is also a significant
source of iron in surface waters (Kieber et al., 2001), especially
through rivers collecting drainage water and entering into coastal
waters. A factor that may speed-up the depletion of DFe is algal
bloom. Marine phytoplankton cells when of high density, would
uptake bioavailable iron and decrease the DFe concentration
(Boye et al., 2001, 2003). Appearance of anoxia (due to red tide)
in bottom water and sediments may cause the release of iron
from sediments into surrounding waters (Sundby et al., 1986;
Zhu et al., 2012). In coastal areas where monsoons blow, they
transport dust and may be another factor that influence the
distribution of DFe and Lt, which may lead to seasonal variation
in the DFe and Lt, such as Funka Bay (Japan, Tsunogai and
Uematsu, 1978) and Arabian Sea (Siefert et al., 1999). In recent
years, as the economy has developed, anthropogenic sources such
as industrial wastewater, sewage, agriculture irrigation, and other
activities influence more and more the biogeochemical cycling of
the DFe and Lt in coastal areas.
Due to the limited water exchange, semi-closed bays like
Jiaozhou Bay (JZB) are vulnerable marine ecosystems, sensitive
to any kind of change or pollution, and could be used to evaluate
the contribution of natural and anthropogenic sources on DFe
and Lt concentrations on the system itself (Kremling et al., 1997;
Öztürk et al., 2003; Nagai et al., 2007).
JZB water body with a surface area of 390 km2 is connected
with the Yellow Sea through a narrow mouth that starts in
Tuandao and ends in Xuejiadao with a width of merely 3.1 km
(Li et al., 2014; Figure 1). The JZB is surrounded by a highly
industrialized and populated area, the biggest being Qingdao
city, having a total population of ∼8.7 million inhabitants.
The eastern coastal JZB is an industrial and residential area,
while the western coastal area is mainly an agriculture and
aquaculture district. JZB has an average water depth of ∼7 m,
shallow in the northwest and deep in the southeast (Figure 1;
Chen et al., 2009). The average tidal range of JZB is 2.7 m,
with a maximum of 6.9 m, inducing strong turbulent mixing
(Deng et al., 2010). The amount of river water entering the
JZB varies seasonally, more than 10 rivers dry up in the winter
and spring seasons but carry a large quantity of anthropogenic
contaminants into this area in the rainy summer season (Ma
et al., 2014). According to the report on Marine Environmental
Quality of Qingdao (2014), red tides happen every year in
spring and in summer (Bulletin of Marine Environmental
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FIGURE 1 | The geographic location of Jiaozhou Bay, Qingdao, China.
Status of China for the year of 2011 and 20121; Liu et al.,
2005).
The purpose of this work is to provide an insight into the
distribution and speciation of dissolved iron (DFe) and its
organic ligands (Lt) in relation to anthropo-biogeochemical
changes of the water in the JZB, caused by anthropogenic inputs
through the rivers inflow or naturally driven disturbances
as a consequence of tide, rain, or increased biological
activity.
SAMPLING AND ANALYTICAL
PROCEDURES
Samples Collection
Samples were collected during two cruises on a wooden boat in
the JZB in summer (July 19, 2011) and spring (May 10, 2012).
The sampling stations were located between 120.12–120.35◦E
and 35.03–36.20◦N. The seawater samples were collected from
five sections, which were identified as A, B, C, D and E, from
each position at three depths (Figure 2; note slight differences in
positions and number of sampling stations between summer and
spring).
1http://www.coi.gov.cn/gongbao/huanjing/.
Based on the relative distance to the bay mouth and the
different influence from industry and agriculture, the sample
stations were classified into three groups:
1. The northwest coastal stations (NWS) having shallow water
(∼4m depth, Figure 2) and weaker water exchange with the
Yellow Sea than other areas of the JZB (Lü et al., 2010). In the
NWS area, there are saltpans and aquaculture ponds, such as
shrimps and shellfish ponds (Guo et al., 2012; Ma et al., 2014;
Figure 1). The northern and western coastal districts of JZB
are mainly agricultural (Liu et al., 2014).
2. The eastern coastal stations (ES) were near downtown
and were deeper than the western and northern JZB
stations (Figure 2). The eastern coastal area of JZB is
industrial with high population density. Different industries
are located in this area, including electroplating, metal
processing, rubbermanufacturing, petrochemistry, machinery
manufacturing, etc. (Deng et al., 2010). The rivers (Moshui,
Baisha, Loushan, Licun, and Haibo Rivers) in the ES
region have become the sewage channels for Qingdao city
(Figure 2).
3. The central and southern stations (CSS) have the
strongest water exchange and tidal influence, along with
big topographic relief, slope and submarine depression
(Figure 2). A narrow channel near the mouth of the
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FIGURE 2 | Locations of sampling stations during the summer (July 19, 2011) and the spring cruise (May 10, 2012) in the JZB. Stations are classified into
three regions: northwestern coastal stations (region NWS, , in blue), eastern coastal stations (region ES, , in purple), and central and southern stations (region
CSS, , in black). Gray color represents the depth of the JZB. “ ” represents sewage treatment plants discharging into the JZB.
bay is seriously impacted by strong tidal currents (Ding,
1992).
Samples were collected with metal-clean modified Teflon-coated
PVC Go-Flo bottles (UPVC/PTFE, 140 × 670mm, Tianjin,
National Ocean Technology Center, China) with a plastic rope.
After recovery, the samples were immediately subsampled into
1 L low-density polyethylene bottles (LDPE, Nalgene, USA), and
were then pressure-filtered through an acid-cleaned 0.4µm-pore
polycarbonate filter (47mm × 0.4µm, Millipore, Ireland). The
filtered seawater samples for DFe analysis were collected into
three clean 30ml LDPE bottles (Nalgene, USA), immediately
acidified to pH < 2 using HCl (Suprapur, Merck, Germany),
and stored for more than 3 months before measurements, then
analyzed for DFe concentration. Other filtered seawater samples
were collected in a clean 250mL LDPE bottles and frozen for
subsequent analysis of Fe speciation. All of these procedures were
performed in a class-100 clean laminar flow bench.
Bottle Washing and Reagents
The sample bottles were washed several times with 10%
(v/v) HCl (Guaranteed reagent, Sinopharm, China) and rinsed
thoroughly with a Milli-Q water, as described in details by
Su et al. (2015). All reagents were made in Milli-Q water
(18.2 M, Millipore, USA). The hydrochloric acid (HCl,
mass fraction 30%) was ultra-pure grade (Merck, 1.00318.1000,
Germany). Ammonium hydroxide was prepared with a vapor-
phase transfer from reagent-grade concentrated NH4OH into
ultra-high purity H2O. A stock standard solution of 1000.0
mg/L Fe(NO3)3 (chromatographically pure, Merck, Germany)
was prepared and diluted to 100, 10, and 1µM (in pH = 2)
to obtain working solutions. The competitive ligand used was
2,3-dihydroxynaphthalene (DHN; chromatographically pure,
Merck, Germany), and a stock standard solution of 0.1M
DHN was prepared and diluted to 100µM. BrO−3 (0.4 M;
BHD, UK)/POPSO (0.1 M; chromatographically pure, Merck,
Germany) as a buffer solution was purified using 100µMMnO2
(van den Berg, 2006).
Determination of Total Dissolved Iron and
Organic Fe-Binding Ligands
The total dissolved iron in acidified seawater samples and organic
Fe-binding ligands in thawed samples were determined by CLE-
aCSV method and a 797VA computrace instrument (Metrohm,
Switzerland). Detailed information on the determination of
DFe and Lt (i.e., electrochemical parameters and the process of
determination) were provided elsewhere (van den Berg, 2006; Su
et al., 2015). In short, voltammetric parameters were as follows:
method differential pulse voltammetry, deposition potential
−0.2V, deposition time 60 s, pulse amplitude 0.05V, pulse time
0.02 s, scan rate 90mV/s, initial potential 0.0 V, final potential
−1.2V.
For determination of DFe concentration, 40µL of 0.01M
DHN and 0.5mL of BrO−3 /POPSO was added to a 10ml
of sample to adjust the pH to 8.0–8.1. DFe concentration
was determined for every sample in triplicate (from three
bottles/subsamples). We added a higher concentration of DHN
(40µM) for the determination of DFe than for the determination
of Lt and logK (1.5µM). For determination of Lt and its iron
binding conditional stability constant (logK′FeL), every seawater
sample was pipetted into a series of 13 Teflon tubes (Nalgene,
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USA) and titrated with at least 10 Fe additions (the range of
iron additions: 0, 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 10.0, 15.0, 20.0, 30.0,
40.0, 50.0, and 70.0 nM) in order to fully saturate all ligand sites.
After 30min equilibration of samples with iron additions, DHN
was added to the final concentration of 1.5µM. These samples
were further equilibrated for 12–17 h. Before measurement,
Teflon tubes were well-conditioned using an iron solution of
the same concentration. Subsequently, equilibrated samples were
transferred to a measurement cell, from low to high iron addition
aliquots, and measured at pH 8.0–8.1.
The side reaction coefficient (αFeDHN) for 1.5µMof DHNwas
calculated by:
αFeDHN = K
cond
FeDHN ×
[
DHN
′
]
= 108.51 × 1.5× 10−6 = 485.4
For this method [DHN′]= [DHNT], since [DHN′]>> [DFe].
The results of each titration set (signal height vs. added Fe
concentration) were treated by ProMCC software (Omanovic´
et al., 2015). Sensitivity (S) was adopted from the last five points of
titration data. Langmuir/Gerringa non-linear fitting was applied
assuming one- and two-ligand models. The one-ligand model
was adopted in all cases.
Inorganic Fe (Fe′) of the samples was related to the initial iron
reduction peak current, ip0:
[
Fe
′
]
= ip0/(S × αFeDHN) (a)
The other way of estimating inorganic Fe, with obtained results
from titration experiment, i.e., Lt and logK′ relies on Equation (9)
from Omanovic´ et al. (2015):
[
Fe
′
]
=
−α+
√
α2+
4[DFe]
K
′
2
(b)
where α = (−[DFe]+ [Lt]+ 1/K′).
The two approaches will be checked and compared.
Estimations that take into account parameters of iron
complexation with organic ligands (b) should be more reliable, as
they are calculated from more data points. From the other side,
propagation of errors that is inherent to complex calculations
makes the simpler expression (a) also valuable.
The percentage of complexed DFe (%FeL) was calculated
from:
%FeL =
[DFe]−
[
Fe′
]
[DFe]
× 100%
Temperature, Salinity, and Nutrients
Measurements
The surface water temperature was measured in-situ at the
sampling sites by a digital thermometer with a long probe. The
salinity of surface water was measured by a salinometer (SYA2-
2, China; calibrated by standard seawater provided by National
Center of Ocean Standards and Metrology, Tianjin, China) in
for that specified subsamples after coming back to the laboratory.
Nutrients levels (total dissolved nitrogen and phosphorus) were
measured in the laboratory using spectrophotometry (Grasshoff
et al., 1983) after the water was passed through an acid-clean
0.4µm-pore filter.
RESULTS
Results of all measured and calculated parameters: dissolved
iron, calculated and estimated iron-organic ligands parameters,
inorganic iron, percentage of organically bound iron as well as
temperature, salinity, total dissolved nitrogen, and phosphorus,
for both contrasting summer and spring periods, are summarized
in Tables 1, 2.
Distribution of Dissolved Iron in the JZB
The contour plots of spatial distributions of DFe concentrations
in surface, middle, and bottom seawater layers in the JZB
in summer period are shown in Figures 3A–C. The spatial
distributions in all three layers exhibited a weak horizontal
gradient, progressively decreasing from the CSS region ([DFe]
ranged from 13.4 to 43.4 nM, median 19.8 nM, average± SD 23.7
± 9.7 nM) to the ES region ([DFe] ranged from 14.8 to 29.8 nM,
median 18.7 nM, average± SD 19.5± 4.6 nM), and NWS ([DFe]
ranged from 13.5 to 32.1 nM, median 17.2 nM, average ± SD
19.2 ± 4.9 nM). Although not significant, the vertical profiles of
average DFe concentration in all regions showed a decrease with
depth.
The spatial distributions of DFe concentrations in the surface,
middle and bottom seawater layers during the spring period are
shown in Figures 3D–F. A strong horizontal decrease in DFe
from the eastern to the western and central side of the bay is
obvious. The highest variability in [DFe] (from 5.6 to 107 nM;
median 9.8 nM, average ± SD 24.1 ± 28.3 nM) was observed in
the ES region. In the NWS region, [DFe] ranged from 8.3 to
31.4 nM (median 13.5 nM, average ± SD 13.6 ± 5.8 nM) and
in the CSS region, [DFe] ranged from 8.1 to 26.8 nM (median
14.1 nM, average ± SD 14.5 ± 5.5 nM). Similar to the summer
period, DFe concentrations decreased with depth in all three
layers.
Distribution of Iron Organic Ligands in the
JZB
In all samples from the spring and summer periods only one class
of Fe-binding ligand was estimated (further in the text denoted as
total ligand concentration, [Lt]; Figure 4).
The spatial distributions of [Lt] in the surface, middle
and bottom samples for the summer campaign are shown in
Figures 4A–C. On average, Lt concentrations were about 50%
higher than [DFe], with a statistically significant correlation with
([DFe]; R2 = 0.54, n = 46, p < 0.001; Figure 5). While vertical
profiles of [Lt] showed an evident decrease with depth (surface
layer: 37.1± 10.0 nM; middle layer: 30.4± 9.7 nM, bottom layer:
26.3 ± 9.7 nM), the horizontal variation between regions was
minor (ES region: 32.0 ± 9.3 nM; NWS region: 31.4 ± 11.0 nM;
CSS region: 29.9± 10.8 nM). The relatively narrow range of logK′
obtained in all summer samples (12.3 ± 0.4; n = 46) revealed
an absence of any horizontal or vertical gradients, pointing
on the similarity in organic ligand complexation characteristics
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7 toward Fe in the JZB (Table 1). A fairly uniform distribution of
DFe organic fraction (>99.99% of FeL) was observed (Table 1).
However, a distinctly different [Lt]/[DFe] ratio was obtained for
the CSS region (1.3 ± 0.2) compared to the ES (1.6 ± 0.3) and
NWS (1.6 ± 0.4) regions (Table 1). Calculations showed slight
variations of inorganic Fe concentrations by region (in average
[Fe′] = 1.0 ± 0.7 pM (expression a, n = 46) and 1.9 ± 1.9 pM
(expression b, n = 46) in the whole JZB; Table 1). Comparisons
of two approaches of inorganic Fe estimation showed good
correlation of both estimation in the ES region, while for the
NWS and CSS regions, expression b gave higher estimations. The
high estimations of inorganic Fe mainly coincident with lower
stability constants.
The spatial distributions of [Lt] in the surface, middle
and bottom samples for the spring campaign are shown in
Figures 4D–F. The [Lt] exceeded the [DFe] for all samples and
showed a statistically significant correlation with [DFe] (R2 =
0.784, n = 53, p < 0.0001; Figure 5). Similar to summer vertical
profiles, the average [Lt] decreased with depth (surface layer:
38.7 ± 28.1 nM; middle layer: 35.4 ± 19.4 nM; bottom layer:
31.4 ± 21.8 nM). Contrary to a uniform horizontal distribution
evidenced in summer, in the spring period there were evident
differences in Lt between regions (ES: 49.3± 37.8 nM; NWS: 32.0
± 13.7 nM; CSS: 27.7 ± 7.7 nM. On average, lower conditional
stability constants (logK′) in the spring period were obtained
than in summer period (11.7 ± 0.3; n = 53) with no significant
differences between the regions (Table 1). However, [Lt]/[DFe]
ratios in spring were evidently higher than in summer, with a
clear difference between regions: ES: 2.8 ± 1.1; NWS: 2.4 ± 0.8;
CSS: 2.1 ± 0.8. Similar to summer, organically complexed iron
fraction accounted for more than 99.99% of DFe. The calculated
concentration of inorganic Fe—in average [Fe′] = 1.1 ± 0.5 pM
(expression a, n = 53) and 3.2 ± 4.8 pM [expression b, n = 53)]
did not differ much from the summer period (Table 1). Similar to
summer period, two estimates of inorganic Fe correlate well for
the ES region, while even more extreme values were calculated
with expression b especially in the CSS region, where at some
locations inorganic Fe was estimated to more than 20 pM. These
samples were characterized by low stability constants.
Results from Physical and Chemical
Parameters Measurements
The main physico-chemical parameters (temperature and
salinity) were measured in-situ, at the surface (Table 2).
Total dissolved nitrogen (TDN) and phosphorus (TDP)
concentrations were determined in all surface samples as well
(Table 2).
DISCUSSION
Chemical and Physical Parameters and
Factors That Influence the Behavior of Iron
in the JZB
Salinity of the JZB was influenced by factors such as the tide,
freshwater, and salt pans. The tide increases salinity of the
JZB, because the Yellow Sea water of higher salinity mixes
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TABLE 2 | Temperature (T, ◦C) and salinity (S), total dissolved nitrogen (TDN, µM) and total dissolved phosphorus (TDP, µM) at the surface layer of each
sampling station in summer and spring in the JZB.
Region Site Summer period Spring period
T S [TDN] [TDP] T S [TDN] [TDP]
(◦C) (µM) (µM) (◦C) (µM) (µM)
NWS A1 24.6 32.1 – – – – – –
B1 24.5 31.6 72.1 0.64 17.2 30.6 52.2 –
B2 24.2 31.3 84.8 0.98 17.2 30.6 49.5 0.47
B3 24.4 29.9 92.3 1.07 17.1 30.9 59.6 0.57
B4 – – – – 17.9 30.5 72.2 1.16
C1 25.0 31.8 82.1 0.58 17.1 31.4 54.1 0.35
C2 23.5 30.2 52.0 0.76 15.5 30.9 66.5 0.70
D1 24.5 29.8 – – 16.4 30.8 – 0.3
A2 22.4 30.2 90.1 1.32 18.3 30.8 72.3 1.43
B5 23.4 29.8 – – 17.0 30.3 91.2 1.80
C4 – – – – 15.3 32.2 49.1 0.65
C5 23.1 30.4 87.1 0.91 16.0 31.0 48.1 0.75
D4 22.6 31.6 – 0.84 14.3 31.3 41.2 0.42
CSS C3 22.9 31.7 – – 14.4 31.6 52.3 0.36
D2 22.8 32.3 68.2 0.71 14.2 31.1 – –
D3 – – – – 14.4 31.3 36.8 0.36
D5 – – – – 14.6 31.1 39.8 0.39
E1 22.7 30.7 57.5 0.56 13.4 31.2 30.8 0.34
E2 – – – – 13.5 31.5 34.0 –
E3 23.1 30.8 52.2 0.69 14.0 31.1 34.2 0.27
NWS Avg. 24.4 31.0 76.7 0.81 16.9 30.8 59.0 0.59
ES Avg. 22.9 30.5 88.6 1.02 16.2 31.1 60.4 1.01
CSS Avg. 22.9 31.4 59.3 0.65 14.1 31.3 38.0 0.34
Dep (m) represented the depth of sampling. Here, “–” refers to the parameter “not determined” in these analyses.
with freshwater that rivers bring into the bay. Although in
the west-northern bay, there are many salt pans, which would
increase salinity of the JZB due to their flooding (Figure 1),
the continuous freshwater mixing with high salinity water at
estuaries results in no big variations of salinity that we measured
in our study in any of the three regions (Table 2).
Total dissolved nitrogen (TDN) and phosphorus (TDP)
concentrations in the ES region were higher than in the other
two regions (Table 2). Industrial wastewater and sewage had the
biggest impact on nutrients in the JZB. The ratio of TDN to
TDP in spring and summer (87:1 and 88:1, respectively) was
much higher than the Redfield ratio (15:1, Redfield, 1958); the
TDP may be the main limiting factor of phytoplankton growth
in the JZB (Guo et al., 2012), and consequently may influence the
distribution of DFe.
Monsoons can disturb surface water and increase dissolved
iron deposition from the atmosphere to a surface water (Lin
and Twining, 2012), thereby increasing the DFe concentrations
of the semi-closed JZB. Due to the proximity to land, a large
amount of atmospheric inputs might have contributed to high
iron concentrations (Baker et al., 2003). During a monsoon, the
influence of atmospheric inputs may be greater than at other
times. In our results, the DFe concentrations of surface water in
spring were higher than in the middle and bottom water, while
this phenomenon was not observed in summer. This might be
due to the prevailing northwest monsoon in Qingdao (Tan et al.,
2012), especially from March to May when we collected spring
seawater samples (Figure 3).
Due to the narrow entrance of the JZB, tidal movement
induces strong turbulent mixing and nearly homogeneous
vertical profiles of temperature and salinity (Ding, 1992) at the
bay mouth. This has caused no distinct vertical differentiation of
DFe-values, except at station E1 (Figure 3 and Table 1).
DFe of the whole inner bay is not likely to be influenced
by sediment resuspension because of bedrock and minimal
sediment of the seafloor (Chen et al., 2012a). The river and silt
input from rivers would directly increase the DFe concentrations
under the tidal movement. Higher river runoff in summer
may increase the DFe concentrations more than in spring
(Figures 3, 6, see Section Sources and Removal of DFe).
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FIGURE 3 | Spatial distribution of DFe concentrations (nM) in summer (A–C) and spring (D–F) period in three layers. The color scale represented the DFe
concentrations. All panels use the same color scale.
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FIGURE 4 | Spatial distribution of ligand concentrations (nM) in summer (left side) and spring periods (right side) in surface (A,D), middle (B,E), and
bottom (C,F) seawater layers. The color scale represented the Lt concentrations. All panels use the same color scale as the color scale of DFe concentration in
Figure 3.
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FIGURE 5 | Total ligand (Lt) concentrations as a function of DFe for
spring (blue squares) and summer (red circles) periods. The dashed
black line represents 1:1 line.
FIGURE 6 | Monthly precipitation in the urban area from May 2011 to
May 2012. The data were obtained from the Qingdao statistical yearbook
(http://www.stats-qd.gov.cn/statsqd/Columns/tjnjx.shtml) in 2011 and 2012.
Red bars represent our sampling months; green bars represent other months.
Figure 7 shows the residual current in the JZB after building
the cross-bay bridge (completed on June, 2011). The tidal current
in the JZB is classified as a regular semidiurnal tidal current (Li
et al., 2014). As seen in Figure 7, many circulations of residual
current were observed in the inner JZB, and more residual
currents appeared in summer than in spring (He et al., 2013).
This may result in better vertical and horizontal uniformity of
[DFe] in summer, compared to spring. The residual current
in the eastern JZB hindered the diffusion of pollutants to the
middle and western JZB (Figure 7); therefore, the DFe-values
in the eastern JZB were higher than in the middle and the
western JZB (Li et al., 2014). In addition, because of residual
currents north of Huangdao, DFe may be partly enriched
and its diffusion hindered into the rest of the JZB (Figure 7);
hence, high DFe concentrations were observed there in spring
and in summer. Being influenced by tide, residual circulation
and wind, hydrodynamic force of the JZB is complex and
may significantly influence the migration and diffusion of DFe
(Figure 7).
The water exchange capacity (WEC) of the JZB is an apparent
phenomenon from residual currents and have significant spatial
differences (Liu et al., 2004). According to Lü et al. (2010)’s
study about WEC, two regions were observed to have the
weakest WEC, the west-southwestern part and the most
northeastern part of the JZB, which has water residence time
longer than 80 days due to a weak WEC (Lü et al., 2010).
Therefore, the DFe of these two regions (the northwest of the
Huangdao Island and at the Caowen River estuary) could be
accumulate to high concentrations in spring and in summer
(Figure 3).
The Iron Biogeochemical Cycle in JZB
Sources and Removal of DFe
The highest DFe concentrations were measured at Licun River
estuary in the eastern area of the JZB, especially in spring
(Figure 3). Spring is a dry season in Qingdao area (Figure 6).
Most of the rivers that are located in the eastern part of the bay
(Licun, Haibo, and Loushan Rivers (He et al., 2013) are highly
polluted with industrial wastewater and domestic sewage that
contain DFe. The sewage treatment plants along the eastern side
of the JZB (Figure 2), release∼1.14× 106 t/d of waste water into
the JZB (Qingdao Bureau of Statistics, 2014). The western part of
the JZB is an agricultural area, with lower wastewater discharge
containing DFe, especially in spring (Figure 3).
Summer season is the wet season in Qingdao area. The annual
rain fall mainly occurs in July. As a result, the river input to
the JZB is higher than in spring, especially in the western area
of the JZB. In the ES, however, the concentration of DFe in
rain water (75 nM, unpublished data) was lower than in waste
water. So comparing to spring, the DFe concentration decreased
at Licun River estuary due to the dilution of rivers entering
into the bay with rain water. However, in the western bay
(NWS region), rivers in summer carry higher flux of fresh water
into the JZB than that in spring, especially the Dagu (∼177%
of all annual river runoff to the JZB, Sheng et al., 2014), but
also Yang and Caowen Rivers (Figure 6, Sheng et al., 2014).
Fresh water in rivers has high DFe concentration (Wang and
Liu, 2003; Stolpe et al., 2010) and would increase DFe in the
seawater. Our results showed that the DFe concentration in the
NWS region in summer was much higher than that in spring
(Figure 3), indicating that rivers that flow through agricultural
regions are sources of DFe in the NWS region. It seems to be
a net effect of source and removal of DFe (will be discussed
later), but generally indicating lower influence from agricultural
impacts than from industrial ones on the DFe concentration in
the JZB.
Rainfall not only increased the discharge of rivers, but also
directly increased the DFe concentration in the JZB seawater. In
general, the DFe concentrations in summer were much higher
than those in spring, which may be caused by the input of
rainwater (Table 1, Figure 6). Our summer campaign (July 19,
2011) was conducted just after the highest rainfall event of that
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FIGURE 7 | The residual current in the JZB after building the cross-bay bridge (Aug, 2012). The double lines represent the cross bridge; the arrows symbolize
the direction of residual current in the JZB. The data are from Li et al. (2014).
year (July 2–4, 2011), which induced a strong disturbance and
mixing among different regions (Figure 6, Qingdao statistical
yearbook in 2011 and 20122). Additionally, strong rain causing
flood events, brought terrigenous sewage/water through rivers
entering into the bay, which caused an increase of the DFe
concentration. In the central bay, which was less influenced by
the input of wastewater than the ES and NWS region, higher
DFe concentration of surface water in summer than in spring
was detected (Figure 3). This was the influence of direct input
of rainwater. High DFe concentrations of the JZB water cannot
easily drain out from the bay and exchange with Yellow Sea,
causing a long residence time of DFe (Figure 7).
Removal of DFe from the JZB is particularly noticed at the
entrance of the bay, where from summer to spring there was a
significant decrease in dissolved iron concentration (Figure 3),
indicating that water exchange with the Yellow sea occurred.
However, especially in the coastal areas of the bay, the removal of
DFe is ascribed to consumption by the biota which is eventually,
by degradation and sinking, eliminated from the water column.
Seasonal differences of temperature and nutrients concentration
corroborate this hypothesis. It is known that a growth of
2Statistical Bureau of Qingdao. Available online at: http://www.stats-qd.gov.cn (in
Chinese).
phytoplankton and bacteria requires the uptake of available Fe
from the seawater (Brand et al., 1983; Hutchins et al., 1999).
According to Wang (2013) in his study of phytoplankton in the
JZB, phytoplankton cell abundance and chlorophyll a in spring
were higher than in summer (Wang, 2013). Sufficient nutrients
in the NWS region supported the growth of phytoplankton and
as a result, the uptake of the DFe causing lowering of DFe,
which was noticed on the plumes of these two rivers. During
spring blooms (February) in the JZB, the DFe concentrations
decreased significantly (Schoemann et al., 1998). Our results with
the DFe concentrations in the NWS region in summer being
higher than that in spring (Figure 3 and Table 1) corroborated
Wang’s study. The amount of phytoplankton in spring was larger
than in summer (Wang, 2013), and these phytoplankton and
zooplankton metabolites apparently have taken up available iron
and decreased the DFe concentrations. Consequently, DFe in the
NWS region decreased more than in the ES region, and in the
NWS region it was higher in summer than in spring (Figure 3
and Table 1). Furthermore, suspended particles in seawater
adsorb Fe attached to particulate organic functional groups (de
Baar and de Jong, 2001), and so decrease the concentration of
DFe [in the JZB, the organic suspended particles (OSP) make up
more than a half of suspended particles, especially in the south
Frontiers in Marine Science | www.frontiersin.org 13 June 2016 | Volume 3 | Article 99
Su et al. Dissolved Iron in Jiaozhou Bay
of the JZB due to the port of Qingdao near station D4 (Bi et al.,
2007)]. Due to the impact of tide, some OSP would be swept out
by the seawater, and the DFe would be released again, resulting
in high DFe concentrations of the CSS region in summer
(Figure 3).
Iron-complexing Organic Ligands
An excess of organic ligands over DFe concentrations was
observed in both spring and summer periods, which indicated
that DFe in the JZB existed mostly in the form of strong organic
complexes (Table 1) that play a governing role in maintaining
iron in dissolved state. This observation is expected and is
consistent with previous CLE-aCSV studies, such as in the open
ocean surface waters and coastal waters (Rue and Bruland, 1995;
Boye et al., 2001, 2003; Powell andWilson-Finelli, 2003; Buck and
Bruland, 2007; Buck et al., 2007).
In spring, the highest [Lt] was observed near the estuary of the
Licun River in the ES region and was ascribed to constant riverine
inputs from industry and domestic wastewater associated with
the slow water exchange (dilution factor) in the ES region
(Figure 4). These wastewaters contained high concentrations
of dissolved organic matter (DOM), polychlorinated biphenyl,
protein-like and humic-like component, etc. (Guo et al., 2011;
Lu et al., 2014), which might be a part of Lt. Furthermore, the
Lt concentrations in this region (Industrial region) in spring
were higher than that in the NWS region (agricultural region;
Figure 4). It directs us toward the conclusion that Lt has a more
industrial source than an agricultural source.
Our results also show that the Lt concentration of the NWS
region in summer was much higher than in spring (Figure 4 and
Table 1). This was because the rainfall brought a large amount of
organic pesticide and humic substances (HS) from the farmland
into the Dagu and Yang Rivers in the NWS region. Hexachloro-
cyclohexane soprocide (HCH, Yang et al., 2011) and dichloro
diphenyl trichloroethane (DDT, Peng et al., 2014) contamination
were reported in this area. These organic pesticides may complex
with DFe and become one kind of ligand because of carboxylic,
hydroxyl and phenolic functional groups (Nuzzo et al., 2013).
According to the study of HS in the JZB, Dagu River was an
important source of HS in the JZB (Ji et al., 2006). Laglera
and van den Berg’s study has given some evidence that Lt was
partly composed of humic substances (HS; Laglera et al., 2007;
Laglera and van den Berg, 2009), as well as studies of Jones and
Bundy (Jones et al., 2011; Bundy et al., 2014). Also, HS derived
terrestrial inputs have been found in coastal as well as in deep
waters, contributing to the pool of Fe-binding ligands (Laglera
and van den Berg, 2009; Bundy et al., 2014). During irrigating of
farmlands and heavy rainfall, soil is carried into river water and
then into the whole JZB. It matches with the hypothesis that river
water entering into NWS region was a source of Lt. Therefore, in
the NWS, irrigating activities in combination with rain impact Lt
concentrations.
On the other hand, the seasonal variation of Lt in the CSS
region was smaller than that of the ES region (spring>summer,
Figure 4). However, the CSS region, being in the middle of the
bay, was less influenced by terrestrial sources than the ES and the
NWS regions.
In the combination with the influence by the industry
and agriculture, regular annual phytoplankton blooms and
protozoan grazing in the JZB would increase %FeL, like lipophilic
endogenic cellular exudates such as dissolved free and combined
amino acids (Nagata and Kirchman, 1991; Öztürk et al., 2002).
From May (spring campaign) to July (summer campaign)
phytoplankton blooms in the JZB may be mainly limited by
phosphate (PO4–P; Guo et al., 2012). In spring, the highest
total dissolved phosphorus concentrations (TDP) were observed
at stations A2 and B5 in the ES region (Table 2), which was
impacted by terrestrial input. The TDP in these areas increased
the growth of phytoplankton (Chen et al., 2012b; Guo et al.,
2012). It is to be presumed that iron organic ligands and their
excess were produced during degradation of dead cells and
released during grazing, thus these ligands would stabilize high
DFe concentration (Gerringa et al., 2006). The Lt is related to the
TDP-values which matches with the highest DFe-values observed
in that region (Figures 3, 4). The NWS region (where nutrients
were used up after the spring bloom) and the CSS region (with a
few terrestrial sources and strong WEC) were characterized with
limited phytoplankton growth in spring, which was indicated by
low Lt concentrations and also low DFe-values (Table 1 and Guo
et al., 2012).
The logK′-values in the spring samples were weaker than in
the summer ones (Table 1). Though it isn’t clearly known what
forms weak ligands, previous studies have implied that they may
be a combination of degraded cellular material from seawater
(Hunter and Boyd, 2007), like polysaccharides (Hassler et al.,
2011), thiols, and heme (Hopkinson et al., 2008).
Iron Speciation and Bioavailability
Iron limitations on phytoplankton growth may occur even
though the DFe-value is abundant (Nagai et al., 2007). The
JZB is eutrophic and has had outbreaks of red tides every
year since 1997. Diatoms, such as Skeletonemacostatum, are
the dominant species in the JZB, whereas cyanobacteria such
as Synechococcus spp. were low (average 4.7%) among the total
biomass of phytoplankton in the JZB (Wu et al., 2005; Zhao et al.,
2005). These phenomena may be influenced by low available iron
in the JZB. Although high iron concentrations were observed
in the JZB, almost all of DFe was complexed by organic ligands
(Table 1). On average, higher conditional stability constants in
summer than in spring remind us on possible formation of
colloidal inert iron (Gledhill and Buck, 2012).
Variation of DFe and Lt in the Two
Contrasting Periods
Variations of DFe between summer and spring period were
observed (Figures 3–5). The average concentrations of DFe in
summer were higher than in spring. The reasons that account
for this difference were direct wet deposition from rain water
as well as the increased river input from larger amounts of
rainfall in summer. The rainfalls in summer and spring were
256 and 2.2mm, respectively (Figure 6). In summer, direct rain
input and the reaction of drainage from land to rivers and their
estuaries increased nutrients in the JZB, as well as dissolved
iron, also shown by other authors (Wang, 2013). However, less
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variations of Lt were observed between two sampling periods
than that of DFe. The possible reason for this might be mainly
dissolved iron coming from rain fall in summer that increased
total iron concentrations in the JZB, but also iron consumed by
phytoplankton in the spring period that deceased its dissolved
fraction. These results can be corroborated by the increased ratio
of [Lt] to [DFe] from summer to spring. The average ratio of [Lt]
to [DFe] of the NWS, ES, and CSS in spring were higher than
that in summer (Table 1). According to Willey’s study (Willey
et al., 2000) inorganic Fe species were found to dominate in
rainwater at pH from 4.0 to 5.0 [free Fe(II) ion, Fe(III)-oxalate
and Fe(OH)+2 ].
There are two main mechanisms governing concentration
of DFe, one is the input of industrial and rain wastewater,
the other is the uptake by organisms. In general, the
seasonal variations of DFe were higher than that of Lt
(Figures 3, 4; Table 1).
CONCLUSION
The studied distribution of DFe, its organic ligands and inorganic
Fe during two contrasting spring and summer periods in surface,
middle and bottom layers of the JZB indicated that DFe of the
NWS, ES and CSS regions was mostly influenced by agriculture,
industrial, and domestic wastewater, and tides, respectively. The
influence from industrial and domestic wastewater was much
stronger than the influence from agriculture. The riverine and
rainfall contribution to input of iron into the shallow JZB
regularly, season-dependent, increases the DFe concentrations.
Iron-complexing organic ligands were represented by one class
of ligands with seasonal dependent stability constants, stronger
in summer period. They greatly exceeded the DFe concentration,
so they played a governing role in maintaining iron in the
water column in both contrasting periods. The Lt is related to
TDP-values, while [Lt]/[DFe] ratio seems to be affected by rain
season in summer and by biomass production in spring.
Additional data collection and analyses are envisaged in order
to corroborate the main processes governing iron distribution
and speciation proposed in this study.
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